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PHYSICAL CHARACTERISTICS OF BONE - PART
A SEMIMICRO MEASUREMENT OF UNIT SHEAR STRESS
HAROLD M . FROST, M.D., HERBERT ROTH, B.A. AND ANTHONY R. VILLANUEVA. B.S.

INTRODUCTION
There arc three basic types of stress: tensile, compressive, and shear. Stress is
thc intermolecular resistance developed within thc substance of a material which resists
deformation under the influence of a load. Tension is a pulling apart, compression
I pushing together, and shear the force experienced by a sheet of paper between the
blades of a pair of scissors.**"

Shear
Tension
Figure 1
Schematic illustration of thc three principle stresses. It is believed that all possible types of load
may be explained in terms of these three types of stress.
^'nii stres.f is the amount of stress on a unit area (such as 1 mm^, 1 cm', I inch') cross section.
The cross seclion is normal to the direction of tension and compression but is parallel to the
direction of shear.

The shearing strength of human bone, both wet and dry, has been measured in a
•number of ways. Values averaging 8 Kg/mm' parallel to thc longitudinal axis and
Kg/mm' transverse to thc longitudinal axis have been obtained. Thc spread in the
"measurements is over lOO^f, necessitating that large numbers of measurements be
averaged to obtain a significant result. The large spread in individual measuremenis
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means the presence of uncontrolled variables. This has been recognized. Attempts
to correlate variations in strength with variations in the volume of the vascular channels,
with the orientation and density of the collagen bundles and with cement lines have
been made or suggested, and produce modest improvements in results.'*
To find the remaining variables, and to quanlitatc thc variables, tests on microscopic volumes of bone must be done. Correlation of variability must be sought for
with, in addition to thc variables in the preceding paragraph, thc amounts of micropetrosis and feathering, osleocvtc dealh. cement line area per unil volume, water content
per unit volume, size and numbers of Haversian systems per unit volume and, perhaps
the mineral composition of the bone.
Here a semimcro melhod for measuring unit shear strength is presented. Although
the method has faults, it has pointed out how future work of similar nature shouK
be designed.
MATERIALS
Two tibiae and two femurs were obtained fresh from the operating room, thc
amputations being done for soft tissue neoplasm in one case and vacular insufficiencv
in thc other. The specimens were kept moist before and during thc experiments with
tap water applied by suitable means. The patients' ages were 18 and 63 years.
METHODS

3

Unstained, fresh, undecalcified. untixed. unembedded sections 70 microns thick
were made by methods described elsewhere' Section orientation was such that shear
load was parallel to thc longitudinal axis or perpendicular to it.
Unil shear stress is the amounl of shear stress developed in a unit area of the
material. In this work cgs units arc used so values arc in mm. and Kg. Thc unit
shear stress measured is lhat presumed to be present al the moment of failure. This
presumption assumes too much; in precise work a number of variables not dealt
with here must be controlled.
The shear test apparatus is illustrated in Figure 2. The arrangement is such
lhat a circular ram 0.9 mm in diameter is punched through a hole of slightly larger
diameter in an anvil lying under thc ram. If a bone section is interposed belween
the ram and anvil, then a circular button or cylinder of bone will be punched out.
The resistance to thc punching aclion will, in theory' at least, be shear and will occur
in the wall of the cylinder rather lhan in its ends. Thc test apparatus is arranged
so that load in the form of sand may be added at a rate of 1 Kg/minute. The
total load on the ram at the moment of failure is measured by weighing the sand
and container on a suitable balance. Thc mass of the device supporting the ram
was separately weighed (97 grams) and was added to thc totals to obtain the true
weight on thc ram.
Thc hinges in the device supporting the ram depend on thc V-block principle
tor location.
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Figure 2
The shear test apparatus:
A IS the ram. a dissecting needle 0.9 mm diametei.
B IS the anvil, a metal plate with a hole drilled to accommodate the ram.
C are the hinges which utilize the V-block principle to maintain localization in space along the
X, y, z axes.
0 is a bucket into which sand is poured during tests.

In practice thc anvil is centered and clamped under the ram so that the traverse
of the latter leads it through thc hole in thc anvil. A section is then placed between
the two and thc ram allowed to rest on thc surface of the section. Thc weight is
then added to thc weight carrier until the ram punches through the section. The
weight is recorded, as is the location of the hole in the section under test. India ink
marks or V-shaped notches arc used to identify a reference mark on the section.
Multiple holes are punched into each seclion at equidistant parts of the circumference
or length. Sketches of each section were made and thc holes and the loads noted
appropriately so that at any time in the future values for any hole could be found.
Upon completion of thc tests the sections were dried in air and mounted in
H.S.R. on ordinary microslides. Thc diameter of each hole in thc section was measured
^'th a caJibratcd eyepiece micrometer. The thickness of thc section around each
hole Was measured with thc fine motion screw of an AO medical microscope. It was
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necessary' to measure thickness at three or more points a diameter or so removed
from thc edge of thc punched out hole. Thc reason is that plastic flow had been
prc^duced by the ram, markedly thinning thc bone at the edges of the hole in comparison to the average thickness of the surrounding section. Thc measured thickness
is multiplied by 1.5, thc refractive index of thc bone, to correct for the distortion
in optical depth caused by thc refractive index.
The surface area of thc wall of thc cylinder of punched out bone is w D T, D
being thc diameter of the hole and T thc thickness of the hole. This area is A,
and is measured in mm'.
Thc total load at thc moment of shear failure is P, in kilos.
p
The unit shear stress at point of failure is Ss=—r—, and is Kg/mm'.
OBSERVATIONS
In a few instances poor centration of thc ram over thc hole in thc anvil led
to excessively large shear values. These instances were discarded.
In about half of the tests microscopic inspection of thc hole punched in the
section revealed that one endge was quite ragged. Poor centration is suspected in
Table I
Specimens

Type of
Section

Direction
of Shear

Number of
Valid
Determinations

Average Unit
Shear Stress
Kg/mm*

Maximum
and
Minimum

Femur

Cross

Longitudinal

3

7.56

8.8 Postquadrant
6.5 Ant. Quadrant

Tibia

Cross

Longitudinal

5

8.15

9.5 Postquadrant
6.4 Ant. Quadrant

Tibia*

Cross

Longitudinal

5

6.94

7.4 L a l . Surface
6.4 Crest

Femur

Longitudinal

Transverse

3

8.8

9.9
8.1

Femur

Longitudinal

Transverse

3

8.0

8.6
7.0

Average:

Cross

—

13

7.5

Average:

Longitudinal

—

6

8.4

See Legend

LEGEND
The bone sampled is listed in the left column, and next lo it the type of section tested. Punching a
hole m a cross section is done by producing longitudinal shear. The direction of shear is thus the
opposite of the type of section tested, and is lisled in the third column.
A total of 27 separate measurements were made. Eight were discarded for reasons dicsussed in the
text. The number from which the averages were made is listed in the fourth column.
The largest and smallest values accepted are listed for each specimen in the last column.
•This section was not cut at a true 90 degrees to the long axis of the bone, but at a 60 degree angle
to the long axis.
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these instances but there is no consistent variation of this group compared to the
group with perfectly cut holes.
Thc spread of individual measurements, compared to thc means, was plus or
minus 15^^, a considerable improvement over the spread affecting macroscopic
measurements.
The results of the tests arc lisled in Table 1.
Thc mean unit shear stress with this method is about 7.5 Kg mm' perpendicular
to thc long axis.
Consistently less shear strength was observed in the crest of the tibia as compared
lo the posterior surface, and in thc highly remodelled angles of thc femur compared
to thc less remodelled surfaces. The majority of thc apparent spread in individual
measurements seen in Table I is the result of this effect, so that the spread in the
data is actually much less than thc 15% figure quoted.
The crest of thc tibia contains more vascular channels, more Haversian systems,
less circumferential lamellar bone, and more square millimeters of cement line per
unit volume than does thc posterior surface, as do thc femoral angles compared to
surfaces.
Due to thc large size of ram used in these experiments — 0.9 mm — it was
not possible to test individual Haversian systems, cement lines or areas of circumlercntial lamellae.
DISCUSSION
A) Thc small spread in thc individual measurements means that miniaturization
of thc strength testing procedure is a productive approach. It should be carried
further, as will be pointed out below.
B) Thc diameter of the ram — 0.9 mm — is too large. Thc ram should be
small enough so that individual Haversian systems can be tested, or individual moieties
of circumferential lamellar or micropetrotic bone. Based on measurements of human
Haversian systems, a ram diameter of 15 — 200 microns would be better, useful, and
feasible.
C) A smaller ram would require better centration of ram and anvil. This means
a test device constructed of metal.
D) A round cross section of thc ram in testing shear strength parallel to the
long axis of thc bone is quite useful, and in testing individual cement lines will be
essential.
The round cross section is wrong for tests done perpendicular to thc long axis
because thc circumference of thc ram in one quadrant is applying shear parallel to
the grain, while at 90 degrees distance it applies shear perpendicular to the grain.
The result is an average, with no means of detcrming how far apart arc thc two
extremes that are averaged.
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For tests on longitudinal sections a ram that is flat, rectangular and markedly
elongated will be required.
As a result of these factors the shear measurements on the longitudinal sections
should be discounted.
E) It has been assumed in this and the previously described shear experiments
lhal the idealized version of a true plane of shear occurs in the substance. In
actuality this is not, and almost never is, so. The microscopic irregularities of anv
structural material produce microscopic rerouting of the stresses and strains within
the material so that the physical behavior and the unit stresses at the microscopic
level may be fantastically complex. This may also be thc case with thc simple shear
experiments reported in this paper.
F) The method of preparing the seciions for testing may produce some degree
of surface damage which leads to a 5 micron thick surface layer that is much weaker
lhan the remainder of thc section. Damage of some sort is known to occur, because
the ground surfaces are unusually permeable to fuchsin and other reagents, to a depth
of about 5 microns. It will be necessary to look for this effect. It it exists, it must
be corrected to obtain precise measurments.
G) Thc rate of application of load, and a reasonably instantaneous method of
arresting load application, wlil need to be tended to in future experiments with
smaller rams that are properly shaped. This attention is needed to obtain the precision
promised by the miniaturization process.
SUMMARY
A semimicro measurement of unit shear stress at failure has been made with
simple apparatus. The value of unit shear strength in shear parallel lo the long
axis of the bone is 7.5 Kg/mm'.
From this work it has been learned how to improve the design of miniaturized
physical testing in shear.

162

